In this work, a novel approach is presented for measuring relative temperature variations inside the pixel array of a CMOS image sensor itself. This approach can give important information when compensation for dark (current) fixed pattern noise (FPN) is needed. The test image sensor consists of pixels and temperature sensors pixels (=Tixels). The size of the Tixels is 11 μm × 11 μm. Pixels and Tixels are placed next to each other in the active imaging array and use the same readout circuits. The design and the first measurements of the combined image-temperature sensor are presented.
Introduction
Dark current is one of the major contributors of FPN in image sensors. The amount of dark current highly depends on process variations as well as temperature variations. In the case of dark current-temperature relation, it has been reported that dark current doubles every 5 °C [1, 2] . Different techniques are applied to compensate the non-uniformities of dark current, e.g., by means of a dark reference frame. But creating a dark reference frame requires a mechanical shutter in the camera. Integrating the temperature sensors allows measuring the relative temperature variations in-situ of the image sensor and this can be used to compensate for dark current FPN.
An image sensor consisting of 12,288 pixels has been designed and fabricated. The size of the image sensor is 64 rows by 192 columns. 555 pixels in the array were replaced by temperature sensors pixels. The Tixels are uniformly placed along the pixel array having 3 Tixels per row and 8 Tixels per column.
Description of the Test System

Pixels and Tixels
The pixels of the image sensor are based on a CMOS 4T architecture, as shown in Figure 1a . This architecture is highly used nowadays because it provides low noise, low dark current and high quantum efficiency due to the pinned photodiode-transfer gate-floating diffusion structure [3] .
On the other hand, the temperature sensors are based on parasitic BJT and its schematic is shown in Figure 1b . In general, BJT based temperature sensors feature inherent better accuracy, fast measurements and lower process variations, compared to their CMOS based alternative [4, 5] . The Tixel is composed of the BJT, a Tixel selector (CSi), a bias current and a source follower. Each Tixel is selected by the control signals CSi and RSj. Once CSi is high, the BJT is biased by the currents Ibias1 or Ibias2 in a ratio 4:1 (Ibias1/Ibias2). Then through the source follower the proportionality to absolute temperature (PTAT) is obtained via the differential Base-Emitter Voltage (ΔVBE) characterization (Equation (1)):
where k corresponds to the Boltzmann constant, T is the absolute temperature, q is the electron charge, and N corresponds to the current ratio 4:1. The test chips have been fabricated by a standard 0.18 μm CMOS Image Sensor (CIS) TowerJazz Technology.
Readout System
Pixels and Tixels use the same control signals and readout structure. The readout system is composed of row-column decoders, a biasing circuit, column amplifiers and output buffers, as shown in Figure 2 . The decoders are used to select the pixels and Tixels position in the array. The Tixel is biased by a current source provided by the bias circuit. The bias circuit has a current mirror which is biased by an external current source of 1 μA. This bias circuit is able to provide current ratios 4:1, 3:1, and 2:1. At the same time, the column amplifier consists of a Programmable Gain Amplifier (PGA) and the Correlated Double Sampling (CDS). The PGA provides gains between [1, 2, 4, 8, 16 ]. The output buffer connects the output signal to, in this case, an off-chip ADC to obtain the data. 
Measurements
The data of the image sensor is obtained by using an external 16 bits ADC (AD9826) connected to the output buffer. The control signals of the chip are generated by using a FPGA and the data coming from the ADC is saved in an Excel file generated in LabView. The data is processed by using Matlab. In total 100 frames are taken for both, pixels and Tixels.
Image Sensor
The pixels of the image sensor have been tested. Figure 3a shows a chip micro-photograph and (b) a photo taken by the image sensor. As we can see in Figure 3b , the image sensor is able to take a picture and it is possible to recognize the Tixels as the black dots along the picture.
Temperature Sensors
The Tixels have been characterized by using a temperature control oven Vötsch model VT7004 in a range of [20 to 90] °C. The chip has been placed on a large aluminum block to stabilize the temperature and an accuracy of 0.015 °C has been reached. The temperature sensor signals have been averaged over 100 frames and 555 Tixels. The measurements have been done by using two gains: Gain 16 (G16) and Gain 8 (G8). Figure 4a shows the temperature conversion of the output voltage using G16 and Figure 4b shows the temperature error after 1st order best curve fitting. 555 Tixels have been averaged. The output voltage vs. temperature of G16 exhibits a high linearity (R 2 = 0.9996) in the temperature range [20 to 90] °C. The maximum error after first order best curve fitting in the case of G16 is 0.7 °C. In the case of G8, it also shows a high linearity (R 2 = 0.9999) in this temperature range having a maximum error (1st order best curve fitting) of 0.3 °C.
Conclusions
An image sensor composed of pixels and temperature sensors has been designed and fabricated. Both pixels and Tixels are placed in the active imaging array and use the same readout circuit. Results prove the concept of using the same readout circuit for measuring both sensor types. The output voltage vs. temperature shows a temperature coefficient of 1.1512 mV/°C in the case of G16 and 0.6415 mV/°C for G8. Temperature sensors show errors in the order of 0.7 °C (G16) and 0.3 °C (G8) in a temperature range [20 to 90] °C.
